Stimulation of catecholamine release was studied in the isolated adrenal of the cat during retrograde perfusion. Theophylline, adenosine 3': 5'-cyclic monophosphate (cyclic AMP), and dibutyryl-cyclic AMP stimulated catecholamine release in adrenal chromaffin tissue; adenosine, 2'-AMP, 3'-AMP, and 5'-AMP were ineffective. Addition of theophylline for 5-15 min had no effect on catecholamine release induced by KCI or nicotine, but it significantly increased the responses to cyclic AMP and its dibutyryl derivative. Glands perfused with Ca2+-free Locke's solution for 30-180 min rapidly lost their responsiveness to KCI or nicotine. In contrast, exposure to Ca2+_ free medium for 180 min had no effect on secretory responses to either the cyclic nucleotides, themselves, or to methylxanthine-induced potentiation of cyclic AMP responses. Thus, dibutyryl-cyclic AMP, cyclic AMP, and theophylline do not require extracellular Ca2+ to release adrenal catecholamines. They may act by translocating intracellular bound Ca2+ or by a mechanism independent of calcium.
Methylxanthines have been reported to release catecholamines in the dog heart-lung preparation (1) , in the brain (2) , and from the adrenal medulla (3, 4) . Glucagon has also been shown to induce adrenal medullary catecholamine secretion in vitro (5) and in vivo (6) . These reports all suggest the possible involvement of the adenylate cyclase system in catecholamine release. From early, indirect studies the accumulation of adenosine 3': 5'-cyclic monophosphate (cAMP) has been implicated in several secretory processes, including the release of thyrocalcitonin (7) , insulin (8) , and gastric HCl (9) . Attempts to directly induce adrenal catecholamine release with cAMP, however, have been unsuccessful (3, 5) . The present investigation was done to determine whether cyclic nucleotides and theophylline alone or in combination stimulated catecholamine secretion in the adrenal medulla during retrograde perfusion and to further determine the Ca2+ requirement for this stimulation.
MATERIALS AND METHODS
Nicotine was purchased from Eastman Organic; cAMP and dibutyryl-cAMP from Schwarz/Mann; theophylline, from Merck; and adenosine, 2'-AMP, 3'-AMP, and 5'-AMP, from Sigma.
Mongrel cats of either sex with weights ranging from 1.0-2.8 kg were anesthetized intravenously with pentobarbitalsodium (30 mg/kg). Heparin-sodium (500 units/kg) was intravenously administered. A midline incision was made from the base of the sternum to the pelvis, and only the left Abbreviations: cAMP or cyclic AMP, adenosine 3':5'-cyclic monophosphate. adrenals were removed for experiments. Ligatures were placed around the adrenolumbar vein distal to the gland and between the gland and the inferior vena cava. A 27 gauge pediatric scalp vein needle (with 2-3 cm of cannula still attached) was inserted into the adrenolumbar vein distal to tfie gland and secured by ligature. Before the experiment was continued, the cannula was checked for continuous blood flow. The adrenal was rapidly excised and connected by the cannula and a three-way stopcock to a Technicon AutoAnalyzer pump for retrograde perfusion. Time for excision and connection to the perfusion line was about 30 sec. All extraneous tissue was dissected from the gland. Glands were perfused at room temperature (23-25°) at a flow-rate of 0.9-1.0 ml/min. Perfusion solution was phosphate-buffered Locke's solution equilibrated with oxygen.
The effluent from the gland was collected in a 4-ml reservoir and continuously analyzed for catecholamines at pH 7.0 by the automated trihydroxyindole procedure (10) . In general, the analytical procedure for assay of total catecholamine and for differential estimation of epinephrine and norepinephrine was as described by Robinson (11) . All adrenal glands were allowed to reach a constant spontaneous catecholamine output (about 1 hr) before any drugs were administered.
Compounds were dissolved in Locke's solution and administered by rapid injection of 0.05 ml into the perfusion line adjacent to the gland. None of the agents administered had any effect on the fluorometric analytical procedure. Compounds administered were randomized and injected at 15-to 20-min intervals. Agents studied included theophylline, dibutyryl-cAMP, cAMP, KC1, nicotine, adenosine, 2'-AMP, 3 '-AMP, and 5'-AMP. These compounds were studied alone and in combination with theophylline perfusions (1 ml of 5 mM solution per min for 5-15 min). Experiients were also performed in glands perfused with Ca2+-free 1\cke's solution (30-180 min). Statistical analysis of data was 4pne by Students t test.
RESULTS
Total catecholamine released from the isolated adrenal by injections of cAMP, dibutyryl-cAMP, theophylline, KCl, and nicotine are presented in Fig. 1 . There was increased secretion with all these agents. The dose dependency of responses is shown for nicotine, theophylline, and dibutyryl-cAMP. Responses were first obtained without (left panel, Fig. 1 ) and then with (right panel, Fig. 1 ) continuous perfusion of theophylline (5-15 min). The duration of induced secretory responses depended on the amount of catecholamine released and ranged from 1 min (release of 200 ng or less) to about 4 min (release of 700-800 ng). Stimulation by KCl (5 mM) and nicotine (0.01 and 0.1 mM) was not altered by concomitant administration of theophylline. In contrast, stimulation by cAMP was increased by 2 (P < 0.001) by administration of theophylline. Catecholamine release obtained with the lower dose of dibutyryl-cAMP (5 ,gM) was significantly increased (P < 0.01) by theophylline; however, that obtained with the larger dose of dibutyryl-cAMP (0.05 mM) was not significantly altered. Perfusion of theophylline significantly decreased (P < 0.01) responses to brief additional injections of this methylxanthine (0.5 and 1 mM).
Theophylline perfusion alone increased release of adrenal catecholamines. This release consisted of an initial stimulation with catecholamine output returning to control secretory levels in 6-10 min even though theophylline administration was still in progress. The duration of the theophylline perfusion (up to 15 min) had no effect on the results shown in Fig. 1 . With longer exposure to theophylline (60 min), potentiation of the responses to the cyclic nucleotide was not observed.
Catecholamine secretion was not affected by injection of aclnnosine (0.1 and 1 mM); 2'-AMP (0.1 and 1 mM); 3'-AMP (0.1 and 1mM), or 5'-AMP (0.1 and 1 mM) (data not shown).
Studies were done for determination of the Ca2+ dependence of the secretory response. Glands that were perfused with normal Locke's solution had a resting basal catecholamine output of 120 i 45 ng/ml. Within 30 min after Ca2+-free perfusion was begun, spontaneous output from the glands decreased to 45 4 15 ng/ml, while after 180 min it had further decreased to 22 i 7 (Table 1) . Perfusion for 30 min with Ca2+-free medium was sufficient to completely block adrenal medullary responses to KCl (5 mM) or nicotine (0.1 mM). (2) A second alternative hypothesis would be that theophylline and the cyclic nucleotides might release catecholamines totally independently of Ca2 . In this context, it has been proposed that the indirectly acting sympathomimetic agent, tyramine, releases norepinephrine from sympathetic nerves independently of Ca2+ requirements (14, 15) . It also seems appropriate to discuss relevant data published by Malaisse (16) regarding the involvement of Ca2+ in insulin release. Malaisse found that theophylline was able to cause hormone release in vitro in the absence of extracellular Ca2+ and demonstrated, however, that cyclic nucleotides and Proc. Nat. Acad. Sci. USA 69 (1972) methylxanthines increased the efflux of Ca2+ from perfused isolated islets, indicating that Ca2+ may nevertheless be involved in the release caused by these agents.
In summary cAMP, dibutyryl-cAMP, and theophylline stimulate catecholamine release from the isolated adrenal in the presence or absence of extracellular Ca2+.
